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Abstract
One option for storing the captured CO2 from the deployment of CO2 capture and storage 
(CCS) is to inject the CO2 into oil fields, using it to produce additional oil. This option, 
called CO2 enhanced oil recovery (CO2-EOR), can provide a “bridge” to a low-carbon 
energy future. However, to date, CO2-EOR has only occurred in a few regions, and just a 
few of these CO2-EOR projects have pursued CO2 storage as a co-objective. 
To better understand the potential and constraints offered by integrated CO2-EOR and 
CO2 storage, this study addressed three questions: (1) How large is the world-wide oil 
resource potential and associated CO2 storage capacity offered by CO2-EOR, today and 
in the future? (2) What factors have facilitated or hindered the wide-scale deployment of 
CO2-EOR? and (3) What set of actions could significantly increase storage potential 
from the integrated application of CO2-EOR and CO2 storage? 
We reviewed the major CO2-EOR operations underway around the world to better 
understand the factors that facilitated or hindered their implementation. The study 
concluded that CO2-EOR is not a new phenomena, and that commercial-scale, profitable 
CO2-EOR has been underway for over 30 years in geologically favorable oil fields with 
access to affordable CO2. The CO2-EOR experience in the U.S. and elsewhere shows that 
CO2-EOR is successful in oil fields that: (1) meet the technical criteria for achieving 
miscibility (primarily depth and oil composition); (2) have sufficient unrecovered oil 
after primary and secondary recovery (water flooding); (3) have access to reliable 
sources of CO2 at affordable costs; (4) are being developed by operators with the 
technical knowledge and commercial interest in pursuing CO2-EOR technologies; and 
(5) can benefit from government incentives that promote CO2-EOR projects. 
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To assess worldwide CO2-EOR potential, a database of the largest 54 oil basins of the 
world (that account for approximately 95% of the world’s estimated ultimately 
recoverable oil potential) was built, including representation of some of the major oil 
fields in these basins. From this, a high-level, first-order assessment of the CO2-EOR oil 
recovery and CO2 storage potential in these basins was developed, using U.S. experience 
as analogue. We then tested our basin-level estimates with reservoir modeling of 47 large 
oilfields in 6 of these basins. 
These basins are estimated to contain 4,622 billion barrels of original oil in place (OOIP) 
in discovered oil fields, within which remains an oil target of 3,090 billion barrels for 
CO2-EOR. After screening these basins for CO2-EOR potential and deleting those that 
are not technically favorable for miscible CO2-EOR, we estimated that 470 billion barrels 
could be recovered from fields favorable for miscible CO2-EOR, and could facilitate the 
storage of 140 billion metric tons (Gt) of CO2.
These basins also contain an estimated 8,700 billion barrels of undiscovered oil in-place 
(as of the year 2000), with 2,900 billion barrels of this resource estimated as recoverable.
If CO2-EOR technology could also be successfully applied to this undiscovered resource, 
our estimates of the potential for the world-wide application of CO2-EOR grow to 1,070 
billion barrels of oil, with associated CO2 storage potential of 320 Gt. 
Currently, approximately half of the potential CO2 demand for CO2-EOR operations in 
discovered fields in the world can be met by large, identified anthropogenic CO2 sources 
within distances of 800 kilometers, a distance comparable to existing and planned CO2
pipelines serving EOR projects. These CO2 supplies could support the production of 225 
billion barrels of incremental oil through CO2-EOR operations. New anthropogenic 
sources, such as the large refineries and hydrogen plants being constructed in the Middle 
East, the development of high CO2 content natural gas fields in the Far East, the 
aggregation of smaller CO2 sources, and the construction of longer, larger capacity, 
pipelines could provide the bridge between CO2 supply and demand for CO2-EOR.
Assuming U.S. $15 per metric ton as the cost for CO2 (to cover compression and 
transportation costs), the vast majority of this technical CO2-EOR potential could be 
economic to pursue at a $70/barrel world oil price. 
© 2010 Elsevier Ltd. All rights reserved 
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Introduction 
Carbon dioxide (CO2) capture and storage (CCS) – together with energy efficiency, renewable energy and 
lower carbon fuels – can lead to deep reductions in global CO2 emissions. One option for storing the 
captured CO2 emissions from CCS is to inject the CO2 into oil fields, using it to produce additional oil. 
This option, called CO2 enhanced oil recovery (CO2-EOR), can provide a “bridge” to a low-carbon future. 
Revenues from CO2 sales to the EOR industry can offset some of the costs of CO2 capture, while early 
implementation of CO2-EOR can help build transportation and storage infrastructure for the future. 
To date, CO2-EOR has only occurred in a few regions of the U.S. and Canada. Moreover, the large CO2-
EOR projects, except for the “poster child” CO2-EOR/storage project at Weyburn in Saskatchewan, 
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Canada, do not have CO2 storage as a co-objective. To better understand the potential and constraints 
offered by integrated CO2-EOR and CO2 storage, this study addressed three questions: 
 How large is the world-wide oil resource potential and associated CO2 storage capacity offered by 
CO2-EOR, today and in the future? 
 What factors that have facilitated or hindered the wide-scale deployment of CO2-EOR? 
 What set of actions could significantly increase the integrated application of CO2-EOR and CO2
storage? 
Overview of Approach 
To provide thoughtful answers to these questions, Advanced Resources undertook the following work: 
 We reviewed the major CO2-EOR operations underway around the world to better understand the 
factors that facilitated or hindered their implementation. 
 We built a database of the largest 54 oil basins of the world (accounting for 95% of the world’s 
estimated ultimately recoverable (EUR) oil potential*), including major oil fields in these basins. 
 We developed a high-level, first-order assessment of the CO2-EOR oil recovery and CO2 storage 
capacity potential in these basins, using the U.S. experience as analogue. This approach is summarized 
in Table 1. We then tested our basin-level estimates with detailed reservoir modeling of 47 large oil 
fields in 6 of these basins. 
 We examined ways that more of the inherent CO2 storage capacity offered by mature oil fields could 
be increased, including deploying CO2-EOR earlier in the life of an oil field, and by applying “next-
generation” integrated CO2-EOR and CO2 storage technology. 
Based on this work, four key findings emerged, as summarized below. 
1.  CO2-EOR is Not a New Phenomena:  Commercial-Scale, Profitable CO2-EOR Has Been 
Underway for Over 30 Years in Geologically Favorable Oil Fields with Access to Affordable CO2.
CO2-EOR has been deployed extensively in the Permian Basin of West Texas and Eastern New Mexico, 
and a few other areas in the U.S., since the mid-1980s. In 2008, over 100 CO2-EOR projects in the U.S. 
produced nearly 250,000 barrels per day of incremental oil [1].  An extensive CO2 pipeline network has 
been developed to deliver the CO2 required by these projects, often over long distances, primarily from 
high purity and low cost natural sources of CO2 sufficient to allow for profitable CO2-EOR activity.  
The CO2-EOR experience in the U.S. and elsewhere shows that CO2-EOR is successful in oil fields that: 
 Meet the technical criteria for achieving miscibility (primarily depth and oil composition) 
 Have sufficient unrecovered oil after primary and secondary recovery (water flooding) 
 Have access to reliable sources of CO2 at affordable costs.   
In addition, two other factors have contributed to successful deployment of CO2-EOR:
 Operator technical knowledge and commercial interest in pursuing CO2-EOR technologies 
 State and federal financial incentives that promote implementation of CO2-EOR projects. 
* Estimated ultimately recoverable (EUR) resource is the sum of cumulative production and booked reserves. In this 
report, EUR is synonymous with “known oil”.  
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Table 1. Overview of Methodology for Screening-Level Assessment of CO2-EOR Potential and CO2       
Storage in World Oil Basins 
Step 
Basin-Level
Average Data 
Used
Basis Result 
1. Select World Oil Basins favorable 
for CO2-EOR operations 
Volume of oil 
cumulatively 
produced and 
booked as reserves 
Basins with significant existing 
development, and corresponding oil 
and gas production expertise, will 
likely have the most success with 
CO2-EOR.
List of 54 (14 U.S., 40 in 
other regions) oil basins 
favorable for CO2-EOR
2. Estimate the volume of original 
oil in place (OOIP) in world oil 
basins
API gravity; 
ultimately 
recoverable 
resource
Correlation between API gravity 
and oil recovery efficiency from 
large U.S oil reservoirs. 
Volume of total OOIP in 
world oil basins 
3.  Characterize oil basins, and the 
potential fields within these basins, 
amenable to CO2-EOR
Reservoir depth in 
basin, API gravity 
Characterization based on  results of 
assessment of U.S. reservoirs 
amenable to miscible CO2-EOR
OOIP in basins and fields 
amendable to the 
application of miscible 
CO2-EOR
4. Estimate CO2-EOR flood 
performance/recovery efficiency 
API gravity; 
reservoir depth 
Regression analysis performed on 
large dataset of U.S. miscible CO2-
EOR reservoir candidates 
CO2-EOR recovery 
efficiency  
(% of OOIP) 
5. Estimate the volume of oil 
technically recoverable with CO2-
EOR
OOIP;
CO2-EOR recovery 
efficiency 
Regression analysis performed on 
large dataset of U.S. miscible CO2-
EOR reservoir candidates 
Volume of Oil recoverable 
with CO2-EOR
6. Estimate volume of CO2 stored by 
CO2-EOR operations 
Technically 
recoverable oil 
from CO2-EOR
Ratio between CO2 stored and oil 
produced in ARI’s database of U.S. 
reservoirs that are candidates for 
miscible CO2-EOR
Volume of CO2 used and 
ultimately stored during 
CO2-EOR operations 
CO2-EOR Offers a Large Available Option to Store CO2:  The 54 Largest Oil Basins of the World 
Have the Potential to Produce 470 to 1,070 Billion Barrels of Additional Oil, and Store 140 to 320 
Billion Metric Tons of CO2.
To accurately estimate basin-level CO2 storage potential, representative data on reservoir properties was 
needed for the largest oil basins in the world. This effort required assembling a large data base with 
reservoir characteristics of individual fields within these basins. Where available, information from the 
individual fields within a basin was averaged to produce basin level estimates of reservoir properties. 
Where not, basin average-properties generally reported in these databases were used.   
The volume of OOIP is a key variable in determining the CO2-EOR potential of a reservoir or basin. 
Combined with the estimated ultimate recovery of a reservoir, it is used to estimate how much oil remains 
as a target for the application of CO2-EOR. To estimate OOIP in world basins, a relationship was 
established between the API gravity of the oil in a reservoir and the recovery efficiency of primary and 
secondary production in that reservoir. This relationship was then used to estimate OOIP of world basins 
based on their weighted-average API gravity and ultimately recoverable resource.  
For predominantly carbonate basins, this report uses a correlation between oil gravity and recovery 
efficiency developed by S. Qing Sun, et al.[2]   For predominantly sandstone basins, a correlation was 
developed using Advanced Resources’ data on U.S. sandstone reservoir oil field performance.  
The estimated ultimately recoverable resource (EUR) for each basin was defined as the cumulative 
production plus current proved/booked reserves. This value corresponds to the “known oil” volumes 
reported for each basin in the USGS World Petroleum Assessment 2000. [3] Estimates of average API 
gravity for the world basins were established by primarily averaging field level data in the Giant World Oil 
Fields database complied by M.K. Horn [4] and the Worldwide Production Summary reports published by 
the Oil and Gas Journal. [5]
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Based on these data, the largest 54 world oil basins have an estimated 4,622 billion barrels of original oil in 
place (OOIP) in already discovered oil fields. Of this original endowment, these basins have produced 687 
billion barrels (as of 2000) and report 845 billion barrels of proved reserves, giving an estimated ultimate 
recovery of 1,532 billion barrels, for an overall recovery efficiency of 33% (1,532/4,622). This leaves 
behind a remaining oil target of 3,090 billion barrels for CO2-EOR, Table 2. 
Table 2.  Summary of Top 54 World Oil Basins Considered in this Assessment  
(Oil volumes in million barrels) 
Cum 
Production
Reserves EUR % of OOIP
Asia Pacific 236,480         8 42,218     35,473      77,691     33%
Central and South America 358,240         7 63,444     48,131      111,575   31%
Europe 145,842         2 26,550     23,252      49,802     34%
Former Soviet Union 751,158         6 109,428   145,342    254,770   34%
Middle East and North Africa 2,205,843      11 215,997   521,987    737,984   33%
North America/Non U.S. 155,718         3 30,157     23,649      53,806     35%
United States 595,700         14 173,500   15,871      189,371   32%
South Asia 22,663           1 3,375       5,065        8,440       37%
Sub-Saharan Africa and 
Antarctica 150,372         2 22,363       25,877        48,240       32%
Total 4,622,017      54 687,032   844,647    1,531,679 33%
Primary/Secondary Production (MMBO)
Basin CountRegion Name
Total OOIP
 (MMBO)
Source: United States Geological Survey, U.S. Geological Survey World Petroleum Assessment 2000-Description and 
Results, Advanced Resources International, Inc.  
(EUR = Estimated ultimate recovery) 
Additionally, these 54 basins contain an estimated 8,700 billion barrels of undiscovered oil in-place (as of 
the year 2000), with 2,900 billion barrels of this undiscovered oil resource estimated as recoverable. Thus, 
an additional 5,800 billion barrels could be a future target for CO2-EOR. Incorporation of more recent data 
would significantly increase both the CO2-EOR and CO2 storage potential set forth in our report.
These 54 basins were first screened to establish whether they would be suitable, on average, for the 
application of miscible CO2-EOR. To be suitable, it was determined that, on average, a basin must have 
sufficient pressure for the CO2 to become miscible with reservoir oil. This required the reservoir depth to 
be greater than 915 meters (3,000 feet), and required that the crude oil gravity be between 17.5 and 50 
degrees API. 
From these data, the basin average minimum miscibility pressure (MMP) is established using the Cronquist 
correlation. [6] The average temperature of the basin was either taken from the database or estimated from 
the thermal gradient in the basin.  The molecular weight of the pentanes and heavier fraction of the oil was 
estimated from a correlative plot of MW C5+ and oil gravity used in previous work by Advanced 
Resources. [7]. 
The next step was calculating the MMP for a given reservoir and comparing it to the maximum allowable 
pressure. The maximum pressure was determined using a pressure gradient of 0.6 psi/foot.   
Based on the results of this screening process for the U.S., of the 4,358 billion barrels of OOIP contained in 
the miscible-screened world basins, about 2,241 billion barrels (49%) of OOIP were estimated to be in 
fields amenable to the application of miscible CO2-EOR. This volume is approximately 48% of the total 
OOIP in all 54 basins analyzed. 
To estimate the technically recoverable resource from the application of CO2-EOR processes in the 50 
remaining basins after screening for CO2-EOR applicability, basin-specific reservoir conditions were 
defined that would be anticipated to affect CO2-EOR performance. Based on the amount of OOIP in each 
basin, the incremental volume of oil that could be recoverable from CO2-EOR operations was then 
estimated based on these defined basin-average conditions. 
It is important to recognize that considerable evolution has occurred in the design and implementation of 
CO2-EOR technology since it was first introduced.  Notable changes include: (1) injection of much larger 
2166 M. Godec et al. / Energy Procedia 4 (2011) 2162–2169
6 Author name / Energy Procedia 00 (2010) 000–000 
volumes of CO2 over time; (2) incorporation of tapered WAG (water alternating with gas) and other 
methods for mobility control; and (3) application of advanced well drilling and completion strategies to 
better contact previously bypassed oil.  As a result, the oil recovery efficiencies of today’s better designed 
and operated CO2-EOR projects have steadily improved. The extent of this improvement has been 
extensively documented in early work by Advanced Resources for the U.S. Department of Energy. [7]. 
For purposes of this assessment, the estimated potential EOR performance in world oil basins was based on 
the “State-of-the-Art” technology characteristics used in this previous study, as well as the result of 
reservoir modeling from this study. This characterization assumed that 1.0 hydrocarbon pore volumes 
(HCPV) of CO2 (which is considerably more than traditional CO2 floods, which averaged about 0.4 HCPV, 
due to a combination of high CO2 costs and low oil prices). It also assumed that CO2 floods were 
implemented at the end of water flooding operations using a tapered water-alternating-gas (WAG) process, 
with the floods developed on an inverted 5-spot pattern (roughly one producer per injector). 
In general, these results for U.S. basins show that average technical recovery efficiencies for CO2-EOR 
range from 15% to 25%, in general, and average about 20%.  These recovery efficiencies are somewhat 
higher than results reported in several previous review studies. However, this study is based on more 
optimistic assumptions about the potential performance of CO2-EOR in amenable reservoirs, in particular 
the amount of cumulative CO2 injected, which generally leads to higher estimates of technical recovery 
efficiency than that reflected in historical field performance.   
Moreover, recent operational evidence from the Permian basin suggests that CO2-EOR recovery 
efficiencies of 20% are feasible.  Ongoing CO2-EOR operations in the 36 Permian basin reservoirs 
contained in Advanced Resources’ database have recovered or booked as reserves 1.9 billion barrels of 
incremental oil, approximately 15% of these reservoirs’ OOIP (12.5 billion barrels). In addition, CO2
injection is still occurring in the vast majority of these fields, and most have injected less than 1.0 HCPV to 
date. 
To develop a relationship between world basin reservoir characteristics and estimated CO2-EOR 
performance, we used U.S. data as a proxy and performed a series of regression analyses on Advanced 
Resources’ EOR performance and reservoir data for domestic oil reservoirs. For these regressions, only 
those U.S. reservoirs that were determined to be amenable to miscible CO2-EOR technology were 
considered. Due to data availability constraints for the world oil basins, the regression focused on the two 
main reservoir characteristics where basin-level average data were available: oil gravity and reservoir 
depth.   
The final step was to estimate how much CO2 would be used, and ultimately stored, as a result of CO2-
EOR operations in each of the 50 CO2-EOR amenable basins considered. In this assessment, the amount of 
CO2 that would need to be purchased for CO2-EOR operations, as estimated as the result of reservoir 
simulation, was assumed to be equivalent to the amount of CO2 that would ultimately be stored in the 
reservoir. This does not include the volumes of CO2 recycled during the life cycle of CO2-EOR operations. 
To estimate CO2 storage potential, an additional regression analysis was performed to establish a 
relationship between reservoir characteristics and CO2 use, again based on Advanced Resources past work 
for the U.S. reservoirs.  
After screening these 54 basins for CO2-EOR potential and deleting the basins and oil fields that are not 
technically favorable for miscible CO2-EOR, we estimate that 470 billion barrels could be recovered from 
fields favorable for miscible CO2-EOR, and could facilitate the storage of 140 billion metric tons (Gt) of 
CO2, Table 3. 
This basin level methodology based on these correlations was used to predict the CO2-EOR performance in 
the set of U.S. basins assessed by Advanced Resources. The results of this basin-level methodology were 
compared with those produced from the reservoir-specific analyses in the U.S., with acceptable results.  
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Table 3.  Estimated Regional CO2 Storage Potential from the Application of CO2-EOR in World Oil 
Basins 
Region Name CO2 EOR Oil 
Recovery 
(MMBO) 
Miscible
Basin 
Count
CO2 Oil Ratio 
(tonnes/Bbl) 
CO2 Stored 
(Gigatonnes) 
Asia Pacific 18,376 6 0.27 5.0 
Central and South America 31,697 6 0.32 10.1 
Europe 16,312 2 0.29 4.7 
Former Soviet Union 78,715 6 0.27 21.6 
Middle East and North Africa 230,640 11 0.30 70.1 
North America/Non-U.S. 18,080 3 0.33 5.9 
United States 60,204 14 0.29 17.2 
South Asia - 0 N/A - 
Sub-Saharan Africa and Antarctica 14,505 2 0.30 4.4 
Total 468,530 50 0.30 139.0
In addition, the results from the basin-level analyses were compared to more detailed field-based analyses 
for fields in various non-U.S. basins. These basins included North Sea Graben Basin (only fields in United 
Kingdom waters), the Western Siberian Basin, and selected fields in four basins in the Middle East 
(Mesopotamian Foredeep, Greater Ghawar, Rub Al Khali, and the Fahud Salt Basins).  These basins were 
selected based on the public availability of relatively good field-level data. 
These field-level analyses were conducted using the same analytical approach used by Advanced 
Resources in a series of basin studies performed for DOE, the most recent published in April 2010. [7]  
The comparison of field and reservoir level estimation techniques above suggests that, though field level 
results tend to be generally comparable with reservoir level estimations; there is variability in results that 
cannot be explained at the reservoir level. The complex nature of these basins cannot be fully captured in 
the two variable (API gravity and depth) analysis, which due to data availability constraints, was used as 
the basis of this screening level assessment. In especially complex, heterogeneous basins such as Western 
Siberia and the North Sea, lack of specific reservoir information can lead to overly optimistic results, as 
basin complexity would tend to decrease oil recovery that is not accounted for in the current methodology.  
In the more high-quality, homogeneous Middle-Eastern basins, such as the Rub Al-Khali, Greater Ghawar, 
and Fahud Salt basins, where basin complexity is less of a factor influencing oil recovery, the basin level 
and field level results are more comparable. 
However, data resolution and availability will be a problem in any evaluation of complex reservoir 
phenomenon. Considering the lack of data available for world reservoirs, the results of this field-reservoir 
level comparison suggest that our basin-level estimations are sufficient for the screening-level assessment 
of the CO2-EOR potential of world basins that was the objective of this assessment.   
To this point, we have only assessed the additional CO2-EOR and associated with CO2 storage potential 
from large, previously discovered fields.  Theoretically, additional CO2-EOR and associated CO2 storage 
potential also exists in smaller fields, in fields that remain to be discovered, and in the anticipated growth 
of fields that have been discovered. Based on the same relationships that exist in large resource base, we 
estimated that if CO2-EOR technology could also be successfully applied to smaller fields and resources 
remaining to be discovered, the world-wide application of CO2-EOR could recover 1,070 billion barrels of 
oil, with associated CO2 storage of 320 Gt. 
Approximately half of the potential CO2 demand for CO2-EOR operations in already discovered 
fields in the world can be met by large, identified anthropogenic CO2 sources within distances 
comparable to existing and planned CO2 pipelines serving EOR projects.  
Currently, approximately half (65 Gt) of the CO2 demand for CO2-EOR operations in already discovered 
fields in the world basins can be met by large, identified anthropogenic CO2 sources within distances of 
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800 kilometers (500 miles). These CO2 supplies could support the production of 225 billion barrels of 
incremental oil through CO2-EOR operations.  
However, new anthropogenic sources, such as the large refineries and hydrogen plants being constructed in 
the Middle East, the development of high CO2 content natural gas fields in the Far East, the aggregation of 
smaller CO2 sources, and the construction of longer, larger capacity, pipelines could significantly close this 
gap. Our analyses show that by assuming U.S. $15 per metric ton as the cost for CO2 (to cover compression 
and transportation costs), the vast majority of the technical CO2-EOR potential of 470 to 1,070 billion 
barrels would be economic to pursue at a $70/barrel world oil price. 
Numerous Options and Actions Could Increase CO2-EOR-Based Oil Recovery and Associated CO2
Storage Capacity.  
The primary options for improving the CO2 storage and oil recovery potential of CO2-EOR include: (1) 
early application of CO2-EOR in the life of an oil field; (2) development and use of “next-generation” CO2-
EOR technology; (3) undertaking more detailed field level assessments of CO2-EOR potential, including 
matching of CO2 sources to high potential oil fields; and (4) addressing the additional CO2 storage capacity 
and oil recovery potential offered by residual oil zones below the traditional reservoir formation. 
* * * * * 
Please note that our assessment of CO2 storage capacity with CO2-EOR is merely a “snapshot in time,” 
conducted at a very high level of resource aggregation, using relatively limited data in the public domain. 
A more robust understanding of this high value option could be gained by: 
 Conducting more detailed basin and oil field-specific geologic studies of high potential areas for CO2-
EOR
 Compiling more high-resolution data on CO2 sources, particularly high quality industrial sources 
 Forming partnerships with national stake-holder institutions to further the identification of high-
potential CO2-EOR sites attractive for CO2 storage.  
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